AP-1 transcription factors play a critical role in signal transduction pathways in many cells. We have investigated the role of AP-1 in controlling proliferative signals in breast cells, and have previously shown that AP-1 complexes are activated by peptide and steroid growth factors in both normal and malignant breast cells. In this study, we investigated the role of AP-1 in transducing proliferative signals induced by peptide and steroid growth factors. We used MCF-7 clones that express a specific inhibitor of AP-1, a dominantnegative cJun mutant (TAM67), under the control of an inducible promoter to investigate the role of AP-1 in regulating breast cancer growth. In the presence of doxycycline (Dox), the AP-1 inhibitor was not expressed, and the MCF-7 clones proliferated normally in response to serum stimulation. However, when Dox was withdrawn, TAM67 was expressed, AP-1 activity was inhibited, and serum-induced proliferation was blocked. We next investigated whether the mitogenic response to specific growth factors also requires AP-1. MCF-7 Tet-Off-TAM67 cells were grown in the presence of increasing concentrations of IGF-1, EGF, heregulin-b, bFGF, or estrogen under un-induced and induced conditions. These studies showed that the AP-1 inhibitor completely blocked proliferation in response to the peptide growth factors (IGF-1, EGF, heregulin-b, and bFGF), and partially blocked the response to estrogen. To investigate the effect of AP-1 blockade on in vivo tumor growth, we injected the MCF-7 TetOff TAM67 cells into nude mice receiving doxycycline to suppress the expression of the AP-1 inhibitor. After the mice developed tumors, they were randomized to either continue to receive Dox or not. In mice not receiving Dox, the expression of TAM67 was induced, and tumor growth was inhibited, while the tumors in mice receiving Dox continued to grow. Analysis of the tumors from these mice showed that the expression of TAM67 caused reduced proliferation of the breast cancer cells without inducing apoptosis. These results demonstrate that AP-1 blockade supresses mitogenic signals from multiple different peptide growth factors as well as estrogen, and inhibits the growth of MCF-7 breast cancer cells both in vitro and in vivo. These results suggest that novel agents specifically targeting AP-1 or its activating kinases could be promising agents for the treatment of breast cancer.
Introduction
Breast cancer is one of the most common malignancies in women, and is the leading cause of death for women between the ages of 40 and 55 years in the United States (Harris et al., 1993; Baselga and Mendelsohn, 1994) . During the last two decades, breast cancer has been intensively studied, and recently new treatments for this disease have emerged. Drugs that inhibit the ability of estrogen to activate the estrogen receptor (e.g., tamoxifen) are used to prevent and treat breast cancer. Drugs that block growth factor receptors, such as antibodies specific for the epidermal growth factor receptor, or for ErbB2 (Her2/neu), have previously been shown to inhibit breast cancer cell proliferation (Baselga and Mendelsohn, 1994; Sarup et al., 1991; Drebin et al., 1988) and are now being used to treat breast cancer patients. These drugs target specific molecules, which are expressed by only a sub-set of breast cancers. Many of these drugs inhibit individual signal transduction pathways, and may ultimately be ineffective, since several different signal transduction pathways can stimulate breast cell proliferation. It may be more effective to inhibit signal transduction at a more distal point in the cascade, where many mitogenic signals converge. Since transcription factors, the nuclear proteins that control DNA transcription and gene expression, are the most distal components of these converging mitogenic signal transduction pathways, they could be good targets for new therapeutic agents.
In this study we investigated whether inhibition of the AP-1 transcription factors suppresses breast cancer growth. The AP-1 family is a key family of transcription factors transducing multiple signals, including mitogenic and stress induced signals. These transcription factors are complexes of DNA-binding proteins made up of homodimers of Jun family members or heterodimers of Jun and Fos family members. AP-1 functions by regulating AP-1-dependent downstream genes, or by interacting with transcriptional coactivators or integrators, such as Jab-1, CBP or p300 (Claret et al., 1996; Bannister and Kouzarides, 1995) . AP-1 transcription factors are expressed in most cell types, and are activated by specific kinases, which are themselves activated by diverse signals such as growth factor stimulation, exposure to UV light, oxidative stress, tumor promoters, or oncogene overexpression or activation (Angel and Karin, 1991) .
In fibroblasts, AP-1 plays a critical role in cell proliferation. The expression of both c-jun and c-fos is rapidly increased in many cell types in response to mitogens such as serum or EGF (Angel and Karin, 1991; Greenberg and Ziff, 1984; Imbra and Karin, 1987) . Microinjection and knockout experiments have shown that both Jun and Fos protein are necessary for fibroblast growth. Bravo and coworkers showed that microinjection of Fos-or Jun family member-specific antibodies blocks DNA synthesis and S phase entry in fibroblasts (Kovary and Bravo, 1991; Riabowol et al., 1988) . Other studies using c-jun null mutation mouse embryonic fibroblasts demonstrated that these cells have reduced growth and lose the response to growth factor stimulation (Johnson et al., 1993) . These results suggest AP-1 complex is necessary for the proliferation of these cells.
In breast cells, previous studies have suggested that growth factors and hormones, such as IGF, EGF, estrogens and retinoids, can modulate AP-1 transcriptional activity (Webb et al., 1999; Chen et al., 1996; Schule et al., 1991; Lin et al., 2000) . Other studies demonstrate that ER and AP-1 interact to regulate the expression of certain estrogen-and/or tamoxifenregulated genes (Paech et al., 1997) . Activation of AP-1 may also contribute to tumor cell invasive capacity and tamoxifen resistance Johnston et al., 1999; Schiff et al., 2000; Yang et al., 1997) . These previous studies provide indirect evidence to suggest that the AP-1 transcription factor is an important regulator of breast cancer cell growth, invasion, and resistance to anti-estrogens.
To directly investigate whether AP-1 controls breast cell growth, we have used a specific inhibitor of AP-1, the dominant negative c-Jun mutant, TAM67, to block AP-1 activity in breast cancer cells. We have previously investigated the effect of AP-1 blockade on the growth of different breast cells using TAM67 (Ludes-Meyers et al., 2001) . Results from these studies demonstrated that TAM67 blocks AP-1 activation in normal, immortal and malignant breast cells. In the present study we have explored the role of AP-1 in controlling the in vitro and in vivo growth of MCF-7 breast cancer cells.
For these experiments, we used MCF-7 clones that express TAM67 under the control of an inducible promoter. Using these clones, we demonstrated that the expression of TAM67 inhibited AP-1 activity and inhibited MCF-7 cell growth in vitro. AP-1 blockade also completely suppressed MCF-7 cell growth induced by these peptide growth factors, and partially inhibited growth in response to estrogen. Studies of MCF7 xenografts in nude mice demonstrated that AP-1 blockade also inhibited the MCF-7 tumor growth in vivo. Investigation of the tumors from these mice showed that TAM67 caused decreased proliferation of the breast cancer cells without inducing apoptosis. Thus, AP-1 blockade inhibits the growth of MCF-7 breast cancer cells both in vitro and in vivo. These studies also suggest that agents that block AP-1 activation could be promising agents for the prevention or treatment of breast cancer.
Results
Expression of cJun dominant-negative mutant inhibits basal and induced AP-1 activity TAM67 ( Figure 1a ) is a mutated form of c-Jun that can specifically inhibit AP-1 activity in different cell types (Brown et al., 1994) . Using this mutant, we previously isolated MCF-7 clones that express TAM67 under the control of an inducible promoter, the tet-off promoter (Ludes-Meyers et al., 2001) . In the present study, we used these MCF-7-Tet-Off-TAM67 clones to determine the effect of AP-1 blockade on breast cancer growth in vitro and in vivo. First, the expression of TAM67 protein in independent clones was determined using Western blotting ( Figure 1b) . As can be seen, no TAM67 protein was expressed in the presence of doxycycline, while high levels of TAM67 protein were seen when the cells were cultured in the absence of doxycycline.
To demonstrate the effects of TAM67 on basal AP-1 activity and AP-1 activity induced by peptide growth factors and estrogen, we performed luciferase reporter assays using an AP-1-dependent reporter construct in the presence and absence of doxycycline in our MCF-7 TAM67 Tet-Off cell clones #62 and #67. For these experiments, the cells were starved of all growth factors and stimulated with the individual growth factors (EGF, IGF-1, HRG-b, bFGF or estradiol). These studies demonstrated that all tested growth factors stimulated AP-1 activity in MCF-7 cells (Figure 1c ). TAM67 repressed the basal level of AP-1 activity, and also inhibited AP-1 activity induced by each of these growth factors and estrogen (Figure 1c ).
TAM67 inhibits MCF-7 cell growth induced by serum and by polypeptide growth factors
We next examined whether TAM67 expression inhibited MCF-7 breast cancer cell growth induced by serum or by individual growth factors. First, we tested the effect of TAM67 on serum-induced MCF-7 cell growth. Different concentrations (0.5 and 5.0%) of fetal bovine serum were used to stimulate the growth of serum-starved MCF-7 Tet-Off TAM67 clone cells (#62), and vector-transfected cells (clone #1), in the presence or absence of doxycycline. We found the expression of TAM67 after the removal of Dox from the culture medium totally inhibited MCF-7 cell growth stimulated by fetal bovine serum. Similar results were also seen with the MCF7 Tet off Tam67 clone #67 (data not shown). These cells proliferated normally after serum stimulation in the presence of Dox (#62 +Dox). Vector transfected cells grew well after serum stimuation in the presence or absence of Dox (Figure 1d ).
To determine whether AP-1 blockade inhibited proliferation induced by specific peptide growth factors, we treated the MCF-7 cells with different concentrations of peptide growth factors to stimulate cell growth in the presence or absence of Dox (EGF, 0 -100 ng/ml; IGF-1, 0 -100 ng/ml; heregulin-b, 0-10 ng/ml; bFGF, 0 -10 ng/ml). The results from these experiments showed that all these peptide growth factors stimulated the proliferation of both vectorand TAM67-transfected MCF-7 cells (Figure 2 ). When the MCF-7 Tet-Off TAM67 cells were cultured in the absence of Dox, TAM67 was induced and the cell growth stimulated by growth factors EGF, IGF-1, heregulin-b, bFGF was totally inhibited (Figure 2a 
TAM67 partially inhibits estrogen-induced MCF-7 cell growth
MCF-7 breast cancer cells express the estrogen receptor and proliferate in response to estrogen stimulation. This proliferative response is caused by estrogen activating the estrogen receptor, which may or may not involve the AP-1 transcription factor. AP-1 and the estrogen receptor have been previously shown to affect each other through transcription factor cross talk (Webb et al., 1995 (Webb et al., , 1999 Paech et al., 1997; Kushner et al., 2000) . To investigate the effect of AP-1 blockade on estrogen-induced gene expression, we used the Vit-ERE-TK-Luc reporter construct which has a classical ERE upstream of the TK promoter and luciferase gene to measure estrogen-induced gene expression. The TAM67 clones #62, #67 and Vector clones #1, #3 were transfected with this estrogeninducible construct, and were treated or not treated Expression of TAM67 in MCF-7 Tet-Off TAM67 clones #62 and #67 measured by Western blot as described in Materials and methods. The cells were cultured in the medium without Dox for 0 -7 days, and lysates prepared and loaded into the gel. A Western blot to actin was used to demonstrate equal loading. (c) TAM67 inhibition of basal, peptide growth factor-induced, and estrogen-induced AP-1 activity in MCF-7 Tet-Off TAM67 clone #62. The cells were cultured in the presence or absence of Dox for 5 days to suppress or induce the expression of TAM67. The cells were then starved of all growth factors for two more days (in the presence or absence of Dox). The cells were then transfected with and AP-1 dependent reporter, and then stimulated with different growth factors for 6 h. Cell lysates were prepared, and luciferase assays were performed as described in Materials and methods. (d) TAM67 inhibition of serum-induced cell growth. MCF-7 Tet-Off TAM67 cells (clone #62) were cultured in the presence or absence of Dox for 5 days, after which time the cells were starved of fetal bovine serum for two more days. The cells were then stimulated with serum (at 0.5% and 5% concentrations) and cell growth was determined as described in Materials and methods. MCF-7 Tet-Off Vector clone #1 was used as control. *Indicates statistical significant difference (P50.05) AP-1 inhibition causes blockade of multiple signal transduction pathways Y Liu et al with estrogen in the presence and absence of Dox. All these clones responded well to estradiol, both in the presence and absence of Dox ( Figure 3a) . The results demonstrated that AP-1 blockade induced by expression of TAM67 did not block estrogen receptor transactivating activity. Thus, the inhibition of estrogen-induced growth by TAM67 is likely due to blocking signals independent or downstream of classical estrogen-induced transcription.
To investigate whether AP-1 blockade inhibits estrogen-induced growth, we measured the proliferative A B Figure 3 TAM67 partially inhibits estrogen-induced cell growth but does not block ER-induced transcriptional activity. (a) Effects on ERE-activity. MCF-7 Tet-Off TAM67 clones #62, #67 and Vector clones #1, #3 were cultured in the presence or absence of Dox for 5 days, and were starved in phenol red-free medium with charcoal stripped serum for two more days (for a total of 7 days withdrawal of DOX). The cells were then transfected with an ERE-luciferase reporter, then were stimulated with 17-b-estradiol overnight. The luciferase reporter assays were performed according to Materials and methods. (b) Effect on estrogen-induced growth. MCF-7 Tet-Off TAM67 cells (clone #62) or MCF-7 TetOff vector cells (clone #1) were cultured in the presence or absence of Dox for 5 days, after which time the cells were starved of growth factors for two more days (for a total of 7 days withdrawal of DOX in samples grown without DOX). The cells were then stimulated with different concentrations of 17-b-estradiol, and cell growth was determined as described in Materials and methods. MCF-7 Tet-Off Vector clone #1 was used as control response to estrogen using our MCF-7 Tet-Off TAM67 cell line. MCF-7 Tet-Off TAM67 cells and vectortransfected cells were treated with different concentrations of estradiol (0 -10 79 M) to stimulate cell growth in the presence or absence of Dox. The results from these experiments showed that estrogen stimulated the proliferation of MCF-7 cells and that the growth was dose-dependent both in the vector clone and the TAM67-expressing clone (Figure 3b ). When the MCF-7 Tet-Off TAM67 cells were cultured in the absence of Dox, TAM67 was induced and the cell growth stimulated by estrogen was suppressed. However, while TAM67 totally inhibited peptide growth factor-induced growth, it did not totally block estrogen-induced growth. (Figure 3b ).
TAM67 inhibits MCF-7 xenograft tumor growth in nude mice
Since TAM67-induced AP-1 blockade inhibited MCF-7 cell growth, we next investigated whether TAM67 could also inhibit breast tumor growth in vivo in nude mice. For these experiments, we utilized two MCF-7 Tet-Off TAM67 cell clones (clones #62, #67) and two vector clones (#1, #3). These cells were injected into the mammary fat pad of nude mice that received estrogen pellets to stimulate the development and growth of tumors as described in Materials and methods. After the tumors developed in nude mice and the tumor sizes were greater than 10 mm 3 , we randomized the mice of each group to either receive or not receive doxycycline to suppress or induce the expression of TAM67. Tumor size was then measured. The size of the tumors as a function of time is shown in Figure 4a ,b. As can be seen, tumors from vector-transfected cells grew rapidly when the mice were fed with water containing or not containing doxycycline (Figure 4a ). In the presence of Dox, the TAM67 tumors also grew well. However, when the mice were fed with water without Dox, the tumor growth was dramatically reduced (Figure 4b) .
We also calculated and compared the growth rates of tumors in each group. Although there was modest variation in the growth rate of individual tumors, there (Figure 4c ). However, in both TAM67-transfected clones, tumor growth rates were significantly lower in the absence of Dox. These results demonstrate that AP-1 blockade in established breast tumors suppresses their growth in vivo.
We next examined the histologic appearance of these tumors. No obvious necrosis was observed when TAM67 was induced (Figure 4d ). We can see strong expression of TAM67 (as seen by immunohistochemical staining for the FLAG tag) in tumor tissues collected from TAM67-mice that were fed with water without Dox, while in tumor tissues from TAM67 mice that were fed with doxycycline-containing water and from Vector-mice, there was no expression of TAM67.
TAM67 inhibits proliferation without inducing apoptosis
To better understand the mechanism by which AP-1 blockade affects the growth of breast cancer cells, we investigated whether TAM67 inhibited proliferation or induced apoptosis in the mouse tumor tissues. Phosphorylation of histone H3 correlates closely with mitosis (Paulson and Taylor, 1982; Allis and Gorovsky, 1981) . Thus, we chose immunohistochemical staining using anti-phospho-Histone H3 to determine proliferation in the tumor tissues. There were fewer cells expressing phospho-Histone-H3 in tumors expressing TAM67, compared to tissues not expressing TAM67, both in TAM67 clones #62 and #67 ( Figure  5a ). These differences were statistically significant (Figure 5b) .
We next used the TUNEL assay to measure apoptosis in the tumor tissues. Tumors isolated from mice injected with vector and TAM67 clones, and grown in the presence or absence of doxycycline, were studied. We observed no differences of apoptotic rates in any of these tumor tissues (Figure 5c ).
Discussion
The above results demonstrate that expression of a cJun dominant negative protein inhibits peptide growth factor-induced activation of the AP-1 transcription factor, and inhibits breast cancer cell growth. In addition, the data show that this AP-1 inhibitor also suppresses estrogen-induced growth of breast cancer cells. AP-1 blockade suppressed the growth of breast cancer cells both in vitro and in vivo in nude mice. The present results show that this suppression of tumor growth was caused by inhibition of proliferation without inducing apoptosis. These results demonstrate that mitogenic signal transduction in breast cancer cells can be blocked at a distal point at which signals from multiple peptide growth factors and estrogen converge. By blocking signal transduction at the point where these multiple signals converge, one can potentially overcome the problems of receptor downregulation or utilization of alternative growth factor pathways that can occur with other agents that target individual growth factor pathways. Previous studies have demonstrated that the AP-1 transcription factor is an important regulator of proliferation, transformation, and apoptosis, depending on the cell type. We and others have used the cJun dominant negative mutant, TAM67, to investigate the role of AP-1 in several different cell types. These studies have shown that in fibroblasts, AP-1 is an important regulator of proliferation and transformation (Brown et al., 1993; Rapp et al., 1994) . Other studies, done in neuronal cells and in hematopoeitic cells, show that AP-1 regulates apoptosis (Ham et al., 1995; Liebermann et al., 1998) . The current study demonstrates that in breast cancer cells, AP-1 is a critical regulator of proliferation.
We and others have investigated the function of AP-1 in normal and malignant breast cells. These previous studies have shown that AP-1 family members are expressed in normal and malignant breast cells, that peptide growth factors and estrogen induce AP-1-dependent transcriptional activation, and that the antiestrogen, tamoxifen, can also activate the AP-1 transcription factor. Increased AP-1 activity in breast cancer cells can also lead to tamoxifen resistance. Thus, overexpression of cJun induces tamoxifen resistance in MCF7 breast cancer cells . In addition, selection for tamoxifen resistance leads to upregulation of AP-1 activity in breast cancer cells. Dumont et al. (1996) isolated a hormone-resistant clone of MCF7 cells, that were found to be tamoxifenresistant and have increased AP-1 activity. We have also shown that MCF7 xenografts that acquire tamoxifen resistance by being chronically treated with tamoxifen in vivo, develop increased AP-1 activity at the time they develop tamoxifen resistance by increasing the expression and activity of the c-Jun activating kinase, JNK (Schiff et al., 2000) . Studies of the expression and activity of AP-1 in human breast tumors also demonstrate that AP-1 activity is increased in tamoxifen-resistant breast cancer cells. Johnson et al. (1999) showed that AP-1 DNA binding activity and JNK activity were increased in tamoxifen-resistant human breast cancers as compared to untreated ERpositive breast cancers. All of these results show that the AP-1 transcription factor is an important transducer of mitogenic signals in breast cells.
The results reported here represent the first direct demonstration that the AP-1 transcription factor is essential for mitogenic signal transduction induced by many different growth factors (EGF, TGFa, heregulin, bFGF, IGF-1, and estrogen). A possible mechanism for this general block of proliferative signals is shown in Figure 6 . As shown in this figure, peptide growth factors bind their respective membrane bound receptors, and activate cytoplasmic signal transduction cascades. These signals are transduced to the nucleus where AP-1 is activated by phosphorylation, and AP-1- Figure 6 Proposed mechanism by which TAM67 blocks signal transduction in breast cancer cells, peptide growth factor pathways are activated by peptide growth factors binding to their receptors, which activate signal transduction kinases, such as ERK, JNK, p38 and PI3-K. These kinases in turn phosphorylate Jun and Fos proteins, causing activation of AP-1 and induction of genes regulating proliferation. This pathway is blocked by TAM67 (left). For estrogen-induced growth, there appear to be at least two pathways. In the classical estrogen-induced pathway, estrogen binds to estrogen receptor, which then binds to estrogen responsive elements (ERE) in the promoter of target genes to cause cell growth. This pathway may not be blocked by TAM67 (middle). In the non-classical estrogen-induced pathway (right), estrogen binds to ER, ER interacts with AP-1 and induces the expression of AP-1-dependent genes that have AP-1 sites within their promoters, which promote cell growth. This pathway is likely blocked by TAM67
AP-1 inhibition causes blockade of multiple signal transduction pathways Y Liu et al dependent genes are induced. TAM67 is able to block AP-1 activity, block the expression of these AP-1-dependent genes, and ultimately block proliferation induced by these peptide growth factors. While the growth factors activate other signaling pathways such as Rho or Akt-dependent pathways, blockade at the level of AP-1 is sufficient to prevent growth despite the stimulation of other AP-1-independent pathways. In breast cancer cells treated with estrogen, estrogen is able to bind to the estrogen receptor, and activate estrogen receptor-dependent genes, either through the 'classical pathway' of ER-regulated genes, or through a 'non-classical pathway' that activates genes that do not have classical EREs within their promoters. The expression of some of these genes, particularly those with an ERE within their promoter (the classical pathway), may not be directly affected by the expression of TAM67. However, it is possible that these estrogen-induced genes include peptide growth factors or their receptors. In that case, TAM67 could inhibit the estrogen-induced signal transduction indirectly by inhibiting the subsequent peptide growth factor signals.
Another way TAM67 could inhibit estrogen-induced proliferation is by blocking the expression of estrogeninduced genes that use the 'non-classical pathway' of estrogen regulated genes (see Figure 6 ). Some genes activated by estrogen do not have classical estrogen response elements, but instead have AP-1 sites, within their promoters (Webb et al., 1999; Kushner et al., 2000; Gaub et al., 1990; Umayahara et al., 1994) . Expression of these genes is induced by estrogen binding to the estrogen receptor, which then binds to and activates AP-1 transcription factors. These activated AP-1 complexes bind to the AP-1 sites and induce the expression of these 'estrogen-induced' genes. We predict that TAM67 would inhibit the expression of such estrogen-induced, AP-1-dependent genes. Thus, TAM67 may inhibit estrogen-induced growth by inhibiting the expression of a subset of estrogeninduced, AP-1-dependent genes that are involved in regulating proliferation.
Given the potent ability of TAM67 to block peptide hormone-induced breast cell growth, it may be possible to combine agents that block AP-1 with anti-estrogens to obtain total signal transduction blockade. In that case, peptide hormone mitogenic pathways, non-classical ER pathways, and classical ER pathways would all be blocked. Such total blockade may be the most effective way to suppress breast cancer growth and avoid the outgrowth of resistant breast cancer clones.
The AP-1 inhibitor described in these studies would be difficult to develop as a therapeutic agent for the treatment of breast cancer. It might have significant toxicity, and it would need to be delivered to breast cancer cells via gene therapy techniques. A more practical application of the present results would be to use small molecule inhibitors of the upstream activating kinases to block AP-1 activation. Such kinases would include either Jun-N-terminal kinases or MAP kinases. Small molecule inhibitors of these kinases are now being developed and are currently being testing in Phase I trials. Our results suggest that such agents either alone, or in combination with antiestrogens, have significant promise for the treatment and prevention of breast cancer.
Materials and methods

Cell culture and transfection
The generation of the MCF-7 Tet-Off TAM67 Clones #62, #67 and vector clones #1, #3 has been previously described (Ludes-Meyers et al., 2001) . The cells were maintained in Improved MEM (high zinc option, Life Technologies, Grand Island, NY, USA) with 100 mg/ml of geniticin and 100 mg/ml of hygromycin. The cells were transfected using Fugene 6 reagent (Roche, Indianapolis, IN, USA) according to the manufacturer's recommendations.
Western blot analysis
Equal amounts of total cellular protein extract were electrophoresed on a 12% acrylamide denaturing gel and transferred by electroblotting onto a nitrocellulose membrane (Bio-Rad, Hercules, CA, USA). The primary antibody used was rabbit anti-cJun Ab-1 (Oncogene Science, Cambridge, MA, USA). Donkey anti-rabbit antibody (1 : 4 000, Amersham, Piscataway, NJ, USA) was used as secondary antibody. Blots were developed using the enhanced chemiluminescence (ECL) procedure (Amersham, Piscataway, NJ, USA).
Luciferase assay to measure AP-1 and ER activity AP-1 transcriptional activity in cells was measured using the Dual-Luciferase TM Reporter Assay (Promega, Madison, WI, USA) according to the manufacturer's protocol. The cells were co-transfected with the Col-Z-Luc reporter gene containing the luciferase gene linked to 1100 bp of the human collagenase gene promoter which contains a single AP-1 binding site (TGAG/CTCA) and pRL-TK, a Renilla construct for normalizing of transfection efficiency. The cells were cultured in the presence or absence of DOX for 5 days, then starved of all growth factors for 48 h. To determine the AP-1 activity stimulated by growth factors, the cells were treated with EGF (100 ng/ml, Life Technologies, Grand Island, NY, USA), IGF-1 (100 ng/ml, GroPep, Australia), heregulin-b1 (10 ng/ml, R&D System, Minneapolis, MN, USA), bFGF (10 ng/ml, Life Technologies, Grand Island, NY, USA), 17-b-estradiol (10 79 M, Sigma, St. Louis, MO, USA), or DMSO, respectively for 6 h before harvest. Transfected cells were lysed 36 h after transfection and luciferase activity was measured with equal amounts of cell extract using a microplate luminometer (Labsystems, Helsinki, Finland) and normalized with the Renilla activity.
To measure estrogen receptor activity, the Vit-ERE-TKLuc construct was employed instead of Col-Z-Luc to perform the luciferase assay. The cells were starved of estrogen for at least 24 h in phenol red-free medium with 5% charcoalstripped serum, and then treated with 17-b-estradiol (10
for 12 h to stimulate the ERE activity before harvest.
Cell growth assays
Cell proliferation assay of stably transfected and Tet-Off cell lines The CellTiter 96 TM Aqueous non-radioactive cell Cell proliferation assay of breast cells treated with serum and specific growth factors
The MTS assay described above was used to measure MCF-7 breast cancer cell growth after stimulation with specific growth factors, including EGF (0 -100 ng/ml), IGF-1 (0 -100 ng/ml), heregulin-b1 (0 -10 ng/ml), bFGF (0 -10 ng/ml), or estradiol (0 -10 79 M), respectively. The cells were cultured in medium with or without doxycycline for 5 days, then starved for 2 days in 5% charcoal-stripped or serum-free (with 10 mM HEPES; 1 mg/ml transferrin; 1 mg/ml fibronectin; 200 mM glutamine; 16 trace element Biofluids Division, BSI, Rockville, MD, USA), phenol red-free medium (for a total of 7 days withdrawal of DOX in samples grown in the absence of DOX). The cells were then cultured at 378C for 0 -8 days with serum or different concentrations growth factors or estrogen. Cells were harvested every other day and the MTS assay was done as described above to measure proliferation. Each data point was performed in quadruplicate, and the results were reported as mean absorption+standard error.
Nude mouse xenograft experiments
Ninety-six athymic Balb/C nude mice (Harlan Teklad, Madison, WI, USA) were randomized to four groups. Estrogen pellets (Innovative Research of America, Sarasota, FL, USA) were injected into all animals to stimulate the development and growth of tumors. The next day, mice from each group were injected into the fat pad with approximately 5610 6 cells/mouse of four different MCF-7 clones (MCF-7 Tet-Off TAM67 clones #62, #67 and vector clones #1, #3), and fed with doxycycline-containing water (200 mg/ml). After tumors developed and reached the size of 10 mm 3 , the mice were randomized to receive doxycycline-free or doxycyclinecontaining water to induce or suppress the expression of TAM67. The tumor sizes were measured twice a week and tumor volumes were estimated according to the formula: (long dimension)6(short dimension) 2 /2. Tumor growth rates of different groups were calculated and statistically analysed as described below in Statistical analysis.
Immunohistochemical analysis
Tumor tissues were collected from sacrificed nude mice. The samples were fixed in 10% neutral buffered formaldehyde overnight and then embedded in paraffin. Tissue sections were then mounted on slides and processed for either hematoxylin and eosin staining or immunohistochemical staining. For immunohistochemical studies, tissue sections were cut at 4 mm and mounted onto slides. Slides were deparaffinized, and then endogenous peroxidase was blocked with 0.1% sodium azide in 3% hydrogen peroxide in 16auto buffer. Slides were then rinsed in PBS, and nonspecific binding was blocked with 10% albumin. Because the TAM67 gene was FLAG-tagged, an anti-FLAG antibody was employed as first antibody (1 : 10 000, M2, Sigma, St. Louis, MO, USA), followed by a biotinylated rabbit anti-mouse antibody (1 : 100), and peroxidase activity was visualized using DAB chromagen intensified with 0.2% osmium tetroxide. For immunohistochemical staining of phosphoHistone H3, the anti-phospho-Histone H3 monoclonal antibody (1 : 400, Upstate, Lake Placid, NY, USA) was employed, followed by biotinylated anti-rabbit antibody (1 : 200). The slides were counterstained with 1% methyl green.
TUNEL assay
Paraffin-fixed tumor tissues were cut at 3 -4 mm and mounted to slides. The slides were baked overnight at 588C and deparaffinized, and were digested in proteinase K for 15 min at 378C. Three per cent hydrogen peroxide was used to block endogenous peroxidase. The slides were incubated with avidin solution, then biotin solution for 15 min respectively, and then incubated with TdT reaction cocktail (TdT (Roche, Indianapolis, IN, USA), 1 : 400; Manganese cation, 1 : 50; d-UTP-biotin 16, 1 : 100) for 2 h at 378C. Freshly prepared horseradish peroxidase labeled streptavidin (Dako, Carpinteria, CA, USA) at a 1 : 200 was added, and peroxidase activity was visualized using DAB chromagen. Counterstaining was done with 0.05% methyl green.
Statistical analysis
Tumor growth in vivo was approximately exponential, but varied slightly from animal to animal. To compare the growth rates of tumors in animals treated with Dox or not, we estimated individual growth rates by linear regression of logtransformed tumor volumes on time, and then compared the growth rates by Student's t-test. Growth rates were summarized by means and 95% confidence intervals.
Abbreviations AP-1, activating protein-1; TAM-67, cJun Dominant-negative mutant; Dox, doxycycline; ER, estrogen receptor; ERE, estrogen response element; EGF, epidermal growth factor; IGF, insulin-like growth factor; TGF-a; transforming growth factor-a; TPA, 12-O-tetradecanoylphorbol-13-acetate; bFGF, Basic fibroblast growth factor; HRG-b, Heregulin-beta
